Epigenetic regulation of gene expression is a key process in the cell that facilitates changes in heritable phenotype without a change in DNA sequence. Gene expression is, in part, regulated by the acetylation state of lysine residues in histone protein tails that coordinate the packaging of DNA into chromatin. Two different classes of lysine-modifying enzymes, the histone deacetylases (HDACs) and the histone acetyltransferases (HATs), are responsible for applying and removing this post-translational modification.^[@ref1],[@ref2]^ HDAC enzymes have been found to deacetylate other nonhistone proteins and in this context can also be referred to as KDACs.^[@ref3]^ Modifications in HDAC function have been linked to numerous diseases including neurological disorders, muscular dystrophy, cardiac hypertrophy, cancer, and HIV infection.^[@ref4]^

There are 18 human HDAC enzymes, which have been subdivided into four different classes, based on their sequence homology with yeast proteins.^[@ref5]^ The majority of cellular protein acetylation (70--80%) is performed by the class I (1, 2, 3, and 8) HDACs, so an understanding of their specific role in cell biochemistry is important and will provide insight into the epigenetic working of the cell.^[@ref6],[@ref7]^ Most class I HDAC enzymes (1, 2, and 3) must be recruited to larger corepressor complexes to be fully active. There are at least five corepressor complexes (NuRD, CoREST, MiDAC, SIN3, SMRT/NCoR), and all are believed to have distinct roles in gene expression.^[@ref8]^ Understanding the regulation of HDAC activity in the context of corepressor complexes presents a promising strategy to understand the specific role of each complex on gene expression.

Four HDAC inhibitors have been FDA approved for clinical application including Vorinostat (SAHA), Romidepsin (FK228, a prodrug), Belinostat (PXD-101), and Panobinostat (LBH-589, Farydak), with at least 20 others in clinical trials.^[@ref9]^ Unfortunately, these inhibitors are nonspecific across various HDACs, and lack of specificity contributes to the cytotoxicity observed in clinical trials.^[@ref10]^ Therefore, there is a persistent need to develop isoform-specific and complex-selective HDAC inhibitors.

Many cyclic peptide HDAC inhibitors exist in nature such as CHAP31 and Apicidin A, which show class I selective HDAC inhibition in the nanomolar range ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref11]^ These inhibitors function by coordinating with the HDAC active site zinc through a side chain that has zinc binding properties such as a hydroxamic acid or ethyl ketone. Recently, we reported a linear substrate peptidomimetic inhibitor (SPI) based on the histone H4 sequence (H4K16Asu) which inhibits the HDAC1--MTA1 complex with IC~50~ 366 nM ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref12]^
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Despite their attractiveness as tool compounds and as potential therapeutic lead compounds, the synthesis of this type of peptide still poses a significant challenge. Numerous synthetic strategies have been reported to prepare these peptides; however, they all involve complex multistep syntheses. For example, the multistep solution-phase syntheses of CHAP31 and Apicidin A have been reported but require the purification of intermediates.^[@ref13]−[@ref15]^ Furumai et al. reported the synthesis of CHAP31 starting from *Z*-[d]{.smallcaps}-proline and requires purification after each peptide coupling. The unnatural Asu amino acid was initially introduced as the benzyl-protected ester. Following peptide N- to C-terminal macrocyclization the Asu side-chain benzyl-protecting group was removed, and the activated carboxylic acid reacted with hydroxylamine to provide the desired hydroxamic acid (AsuNHOH). This synthetic strategy is only appropriate for peptides such as CHAP31 and Apicidin A with aliphatic amino acid residues. However, histone peptides that incorporate reactive amino acid side chains would require a complex orthogonal protection strategy.

Recently, our group reported a linear inhibitor peptidomimetic (H4K16Asu) using solid-phase peptide synthesis (SPPS) using hydroxylamine resin.^[@ref12]^ The reported method required a multistep procedure starting from the Fmoc--oxooctanoic acid--OAll (prepared via Grubbs cross metathesis). The desired peptide was synthesized with a poor overall yield of 1%. The foremost limitation in moving forward to generate this type of peptide-based inhibitor is the lack of availability of the nonproteogenic zinc binding Fmoc-protected amino acids that would provide straightforward synthetic access to this class of molecules via standard Fmoc/^t^Bu SPPS.

As part of our ongoing research program to develop SPIs, we developed the synthesis of Fmoc amino acids having side chains with functional groups suitable for zinc binding. Here we describe the development of an asymmetric synthesis of these Fmoc-AAs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), which are compatible building blocks with standard Fmoc/^t^Bu SPPS.
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Different types of ZBG have been selected to fine-tune the binding affinity with the active site zinc atom, in the search for selective and less toxic HDAC inhibitors. We selected two ZBGs, a ketone with relatively low predicted binding affinity and hydroxamic acid with strong binding affinity.^[@ref16]^ The length of the aliphatic side chain in these amino acids is based on the distance between the α-carbon and the side-chain carbonyl on the acetyl lysine residue.^[@ref17]^ The crystal structure of the H4K16Asu peptide bound to HDAC1--MTA1 validates this as the correct length and side chains of longer and shorter length have previously been demonstrated to have limited potency.^[@ref12]^

Several methods have been reported for the synthesis of nonproteinogenic α-amino acids: Strecker synthesis,^[@ref18]^ Grubbs metathesis,^[@ref19]^ alkylation of glycine derivatives,^[@ref20]^ and oxazolones.^[@ref21]^ Initially we focused our attention on the synthesis of the Fmoc amino acids using Grubbs cross metathesis as the key step to prepare the required side-chain functionality. Due to extremely poor yields (5--7% for cross metathesis due to homocoupling) we turned our attention to alkylation of glycine derivatives first reported by Belokon and co-workers.^[@ref22]^ This method provided an efficient and highly stereoselective way to prepare the amino acids required for this work and results in the desired Fmoc-protected amino acid analogues required for solid-phase peptide synthesis.

The chiral Ni^II^ Schiff base complex (*S*)-Ni-Gly-2FBPB **1** was prepared by a modified version of our previously reported route ([Supporting Information Scheme S1](http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b00885/suppl_file/ol9b00885_si_001.pdf)).^[@ref23],[@ref24]^ Alkylation of (*S*)-Ni-Gly-2FBPB **1** required orthogonally protected electrophiles compatible with basic conditions for the amino acid synthesis and also Fmoc/^t^Bu SPPS ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).^[@ref25]^ The alkylation reaction was initially attempted using electrophiles 6-bromo-*N*-(trityl)hexanamide (**2a**) ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 1) and 6-bromo-*N*-(THP)hexanamide (**2b**) ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 2) and resulted in degradation of the product under the reaction conditions and low yields. Stereoselective alkylation was achieved using 6-bromo-*N*-(*tert*-butoxy)hexanamide (**2c**) to provide the desired product **3** in 57% yield ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 3). The reaction conditions were optimized by increasing the equivalents of base (3 equiv) to provide complex **3** diastereoselectively (94:6 d.r.) ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 4). At reduced temperature no bisalkylation was observed. The Ni^II^ Schiff base complex **3** was isolated in excellent yield and in diastereomerically pure form (as confirmed by ^1^H and ^19^F NMR and LCMS) as a red crystalline solid after automated flash column chromatography.

###### Screening of Protecting Groups for Alkylation of **1** to Generate Fmoc-[l]{.smallcaps}-Asu(NHO^t^Bu)-OH
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Decomplexation of **3** was achieved under basic conditions using 8-hydroxyquinoline to give the amino acid [l]{.smallcaps}-Asu(NHO^t^Bu) **4** and chiral auxiliary (2*S*)-FBPB, which can be recycled.^[@ref26]^ Finally, [l]{.smallcaps}-Asu(NHO^t^Bu) **4** was N-protected using *N*-(9-fluoromethoxycarbonyloxy)succinimide to provide the desired Fmoc-[l]{.smallcaps}-Asu(NHO^t^Bu)-OH **5** in excellent 98% yield ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).^[@ref27]^

![Synthesis of Fmoc-[l]{.smallcaps}-Asu(NHO^t^Bu)-OH (**5**)](ol-2019-008852_0003){#sch1}

Synthesis of amino acids Fmoc-[l]{.smallcaps}-Aon-OH **9** and Fmoc-[l]{.smallcaps}-Aod-OH **10** was achieved using the same route and with electrophiles 7-bromoheptan-2-one (**6a**) and 8-bromooctan-3-one (**6b**), which were prepared from commercially available 6-bromohexanoic acid ([Supporting Information Schemes 3 and 4](http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b00885/suppl_file/ol9b00885_si_001.pdf)) via Weinreb amides.^[@ref28]^ Alkylation of Ni^II^ Schiff base complex **1** with **6a** or **6b** followed by decomplexation and Fmoc protection gave the desired amino acids \[**9** (R = −CH~3~), **10** (R = −C~2~H~5~)\] with excellent yield at each step ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}).

![Synthesis of Fmoc-[l]{.smallcaps}-Aon **9** (R = −CH~3~) and Fmoc-[l]{.smallcaps}-Aod **10** (R = −C~2~H~5~)](ol-2019-008852_0004){#sch2}

To access the chiral integrity of **5**, the Fmoc-[d]{.smallcaps}-Asu(NHO^t^Bu)-OH **5a** isomer was produced for comparison. Chiral integrity was then analyzed by chiral HPLC. As evident from the chromatograms of [l]{.smallcaps}- and [d]{.smallcaps}-Asu(NHO^t^Bu), we conclude that chirality is retained, and the protocol described herein did not result in any racemization (e.e. \> 99%).

The synthesis of these amino acids **5**, **9**, and **10** was achieved on scale to provide gram quantities of the bench-stable Fmoc-protected amino acid building blocks. The foremost advantage of these amino acids (AAs) is that they can be incorporated at any position in a peptide sequence using standard Fmoc/^t^Bu SPPS conditions. These Fmoc amino acid building blocks therefore facilitate the rapid generation of peptide inhibitors.

The Fmoc-AA building blocks **5**, **9**, and **10** were then used to synthesize histone tail derived SPIs using SPPS. Heptapeptide SPI **11** based on residues 23--29 of the unstructured tail region of histone H3 and incorporating the non-native amino acid [l]{.smallcaps}-Asu(NHO^t^Bu)-OH in place of K27Ac was prepared by microwave-assisted Fmoc/^t^Bu SPPS on Rink Amide resin ([Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}). The histone H3K27Ac (23--29) peptide **14** was also produced as a negative control. Finally, the peptides were cleaved from resin and underwent global deprotection under acidic conditions.

![Synthesis of Peptide (H3K27) Incorporating Fmoc-[l]{.smallcaps}-Asu(NHO^t^Bu)-OH](ol-2019-008852_0005){#sch3}

An impurity corresponding to the hydroxymate *t*-butyl-protected peptide byproduct was identified in the crude sample following cleavage of peptide **11** from the solid support. Extended deprotection reaction times (up to 48 h) or increased temperature (up to 40 °C) results in hydrolysis of the hydroxamic acid. Hydroxamic acid peptides **11** were obtained when cleavage was performed with \[TFA/TIPS/DCM (98:1:1)\] for 24 h, providing SPIs **11** in good 29% yield following purification by reverse-phase high-performance liquid chromatography (RP-HPLC).

During acid-mediated cleavage of peptide **12** in the presence of TIPS scavenger, silicon hydride reduction of the ketone functionality occurs, followed by esterification to provide the trifluoroacetate ester ([Supporting Information Scheme S5](http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b00885/suppl_file/ol9b00885_si_001.pdf)) as detected by LCMS. Water-mediated hydrolysis of the ester then takes place and results in formation of the corresponding alcohol.^[@ref29]^ Therefore, TIPS was excluded from the cleavage cocktail for peptides **12** and **13**, containing ketone functionality, and successful cleavage and deprotection were achieved using TFA/DCM (95:5, v/v) for 3 h.

SPIs **11**--**14** were assessed in a fluorescence-based inhibition assay to determine potency as HDAC inhibitors ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). SPI **11** incorporating the hydroxamic acid amino acid has an IC~50~ = 390 nM against the HDAC1--MTA1--RBBP4 corepressor complex, which is comparable to our previously reported SPI based on the H4 peptide sequence.^[@ref12]^ SPI **12** incorporating the ethyl ketone amino acid side chain has an IC~50~ = 17 μM. Unexpectedly, SPI **13** with methyl ketone side chain was inactive at the tested concentration. The lower activity of SPIs **12**--**13** can be attributed to the lower zinc binding affinity of ketones. In the future these amino acids will be incorporated in various histone tails to generate a library to identify important binding interactions through additional crystal structure studies. The cell permeability of these peptides will also be investigated to determine their usefulness as cellular probes.

###### Synthesis of H3K27 Peptidomimetics via SPPS

  sequence                       yield (%)   purity (%)   IC~50~
  ------------------------------ ----------- ------------ --------
  Ac-KAAR**Asu**SA-NH~2~**11**   29          99           390 nM
  Ac-KAAR**Aod**SA-NH~2~**12**   32          99           17 μM
  Ac-KAAR**Aon**SA-NH~2~**13**   28          99           ND
  Ac-KAARK(Ac)SA-NH~2~**14**     34          99           ND

In summary, we have developed the synthesis of three novel Fmoc amino acids incorporating zinc binding group side chains. The foremost advantage of these amino acid building blocks is that they can be incorporated at any position in a peptide sequence using standard Fmoc/^t^Bu SPPS. As proof of principle a series of SPIs based on the structure of the H3K27Ac tail were synthesized by SPPS. One of these analogues **11** was active (IC~50~ = 390 nM) against the core NuRD corepressor complex (HDAC1--MTA1--RBBP4). This synthetic strategy has the potential to facilitate the rapid generation of peptide-based HDAC inhibitor libraries.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.orglett.9b00885](http://pubs.acs.org/doi/abs/10.1021/acs.orglett.9b00885).Experimental procedures and characterization data for all compounds, copies of ^1^H,^13^C, COSY, HSQC, and ^19^F NMR spectra for building blocks, and analytical HPLC traces for peptides ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b00885/suppl_file/ol9b00885_si_001.pdf))

Supplementary Material
======================

###### 

ol9b00885_si_001.pdf

The authors declare no competing financial interest.

We thank the University of Glasgow and the EPSRC (Research Project Grant EP/N034295/1) for financial support of this research. L.A. thanks the EPSRC for a studentship (EP/M506539/1 and EP/N509668/1). JWRS is supported by a Senior Investigator Award (WT100237) from the Wellcome Trust. JWRS is a Royal Society Wolfson Research Merit Award holder. The authors also thank Andrew Monaghan (high-resolution mass spectrometry, University of Glasgow) for technical assistance.
